An optical fiber containing structured hydrogen sensing points, consisting of Palladium and/or Magnesium alloys is proposed and characterized. The sensitive layer is deposited on the outside of a multimode fiber, after removing the optical cladding. The sensor is based on a measurement technique which uses the Surface Plasmon Resonance effect. Compared to previous work 1 which was performed at a single wavelength of 670nm, this study was done in the range of 450 to 900nm. A continuous change in intensity is observed as a function of the hydrogen concentration between 0.5% and 4% H 2 in Ar. The response shows that the intensity transmitted can either decrease or increase, depending on the selected wavelength. The response time and the reproducibility of the detectors are also discussed. From our experiments and optical simulations we conclude that Pd covered indicator layers based on Mg alloys, such as Mg-Ti, would be even more advantageous compare to Pd layers thanks to their lower hydrogen equilibrium pressures. We will demonstrate an extended sensitivity range by juxtaposing different materials over a fiber section, having different hydrogen equilibrium pressures.
INTRODUCTION
Hydrogen is currently used in industrial production processes as hydrogenating agent and in aerospace industries as fuel source. In addition, environmental and (socio-) economic issues suggest that hydrogen will become in future a competitive energy carrier. Its application will spread from the automobile industry to domestic products. The use of hydrogen as an energy carrier will considerably increase the hydrogen production volume and the related distribution network. Hydrogen sensors are essential to monitor the hydrogen concentrations, to detect leaks and to prevent fire and explosions. The lower flammability point of hydrogen is 4% in air and 74.5% for the upper limit. Currently electrochemical, thermal conductivity, catalytic and electrical sensors are mainly used for hydrogen detection. They show in general high sensitivity and a relative fast response; however they are not suitable for use in an explosive environment due to the risk of ignition (hydrogen ignition energy: 0.02mJ) by the presence of electrical leads. Although optical fibers are not yet completely mature and still require significant efforts, they appear very promising for hydrogen leak detection. Their geometrical configuration (small dimensions, light weight, geometrical versatility), their high electrical isolation, their simplicity of design and especially their ability to operate in potentially explosive environments made them very suitable for a hydrogen sensor. ), in order to improve the sensitivity and the response time. However, the response is still limited by the Pd isotherm equilibrium pressure. Slaman and al. 6 have demonstrated the possibility to use Mg-alloy as sensitive layer cover by a thin Pd layer as a catalyst. Mg-alloys present a high optical contrast; no mechanical destruction due to the stress induced by hydrogen absorption and lower equilibrium hydrogen pressure compared to Pd. Here, we first study the response of a Surface Plasmon Resonance sensor introduced by Bevenot and al.
1 using a thin Pd layer in an extended range of 450 to 900nm. The response time and the reproducibility of the sensor are presented, as well as the effect of O 2 . We demonstrate then from our simulation the possibility to use Mg-alloys as sensitive layer instead of Pd for the SPR configuration sensor.
PRINCIPLE
In 1993 Chadwick and al. 6 have demonstrated the SPR effect in a Pd layer in the kretschmann configuration in order to realize a Hydrogen sensor. Most SPR sensors are based on the change in the dielectric permittivity surrounding the metallic layer. In the case of Pd, the complex permittivity of the metallic layer itself changes with the absorption of hydrogen. The resonance angle of Pd on a glass substrate is 53° as shown in figure 2a. This angle cannot be reached by using an optical fiber configuration. However, Bevenot and al. have demonstrated that the SPR effect is still sufficient in for hydrogen detection in this configuration due to the large width of the Pd SPR curve. The sensor consists of a Pd layer deposited on the fiber core, over a section of the fiber, as indicated by L in figure 1 . The light is injected into the fiber with an angle of incidence. Thus the corresponding mode bunch is excited. However, this technique is not really convenient for applications due to the mode conversion along the fiber. That's why we present here the hydrogen response for all modes equally excited. The hydrogen response is finally a function of the numerical aperture shift of the sensitive section. Since multimode fibers are used, the sensor response is simulated by combining the theory of local plane wave and the geometric optics approach. The reflectance of multilayer structure is first calculated as a function of angle by using the Fresnel coefficients with the transfer matrix method 7 . The power transmitted is then calculated by summing the power loss/gain at each reflection over the sensitive area. The power transmitted P αout for an incidence angle α in is written as
with N the reflection number along the sensitive area , r p and r s represents the reflection coefficient, respectively for polarization TE and TM. The model does not take into account the scattering from the deposit and the mode coupling. Furthermore the TE and TM polarization are assumed to be equally distributed. The model was validated by comparing well known results with commercial software 8 . Transmittance of the sensing fiber section as a function of the injection angle alpha. The Pd is deposited on the fiber core over a length of 2 cm. The line and dashed line are representing respectively the metallic state and the hydrogenated states. The permittivity of Pd hybrid is described as ε Pd,c%H2 =h (c%) x ε Pd, 0% H2 , where ε Pd, 0% H2 is the dielectric permittivity of the pure palladium. 
EXPERIMENTAL SETUP
The fiber used for the experiment is a multimode fiber, Newport 200μm core/230μm cladding, with a numerical aperture of 0.37. The fiber is made of pure silica for core, a harder polymer for cladding and a tefzel jacket. The jacket is locally removed by mechanical stripping and the optical cladding is removed with a torch. The fiber is fixed to a support to avoid bending. After burning the cladding the core is cleaned with isopropyl alcohol (or IPA), using lint free tissue, to remove the carbon residue. The fiber with a hard polymer cladding is chosen above a glass cladding type to allow an easy removing of the cladding without the need an HF etching step. However, after this process some samples present a polymer film left on the core. In order to obtain a clean interface, the surface has to been investigated with an optical microscope. The deposition of the Pd and Mg-alloy hydrogen indicator layers are done in an AJA magnetron sputtering apparatus containing multiple sputter sources. The fiber is put vertically in the center above the gun with a tilt angle. Due to this configuration, the deposition presents a slight gradient of thickness along the fiber. For a deposition of 2 cm along the fiber, the thickness varies from 9 nm to 14 nm. The background pressure was 10 -9 mbar and the sputter pressure 3 μbar argon. Palladium was sputtered at an average rate of 0.15 nm/s using 100 W RF power. The deposition rate, as measured with a quartz crystal monitor, is confirmed afterwards by a Detak profilometer. The measurement setup is depicted in figure 2 . A tungsten halogen light source and an Ocean Optics HR 4000 spectrometer are used as source and detector respectively. The fiber containing the hydrogen detector is connected via 905 SMA connectors to the source and the detector. The numerical aperture of the source is superior to the fiber in order to excite all fiber modes. The fiber goes through a gas cell. The gas cell can be flushed with argon which can contain chosen concentration hydrogen (up to 4.4%) and oxygen (up to 10%). Flow rates of each gas were individually controlled with mass flow controllers. The total flow is kept at 250 ml/min. All measurements are performed at normal pressure and room temperature. The gas cell is purged with argon for several minutes before all measurements in order to clean the tubing of the gas system. The relative transmission is defined as the intensity measured, divided by the intensity measured without hydrogen. The loading and unloading time is defined as the response time, needed to reach 90% of steady-state. 
RESULTS AND DISCUSSION
From figure 4a can be concluded that the response is reproducible after the first cycle. The Pd film need at least one cycle in order to stabilize the microstructure and to remove most poisonous elements from the Pd surface, which are gathered by transport of the sample through air. Sensitivity study will therefore be done after one cycle. A continuous change in intensity is observed as a function of the hydrogen concentration between 0.5% and 4% H 2 in Ar, as depicted in figure 5 . The transmission increases as the sensitive length L along the fiber increases. The length L is limited in order to manipulate the fiber without breaking it. For a Pd layer deposited over a length of 2 cm, the response on loading with 4% H 2 in Ar shows a change with a minimum of 0% at 670 nm and a maximum of 13% at 470 nm. During the hydrogenation the transmitted intensity through the fiber core decreases for the wavelength below 670nm and increases above it. As a result, the response shows wavelength dependence which was not observed in previous work 1 . The origin of this response follows from our simulations as described in the principle section. The effect of the absorption of hydrogen on the dielectric permittivity of palladium is described in our simulation by the following relation 1 :
where ε Pd, 0% H2 is the dielectric permittivity of pure palladium and h represents a nonlinear relation with hydrogen concentration c (%) . In our simulations we use the dielectric permittivity of Pd in the metallic state and hydrogenated state obtained by von Rottkay et al. 9 from ellipsometry measurements. For the dielectric permittivity following the relation (2) no wavelength dependence of the sensor response is obtained contrary to the experimental dielectric permittivity. We conclude that the difference between the real and imaginary part of the dielectric permittivity upon hydrogenation is the cause of the wavelength dependence of the sensor response. Vargas et al. 10 point out that the variations in the real and the imaginary part of the Pd dielectric permittivity upon Hydrogen absorption is influenced by the nature of the substrate: conducting or no-conducting. Henceforth, we expect a different sensitivity when a conducting sticking layer will be used between the Pd layer and the fiber core. Comparing to our experimental results, the optical simulated response is slightly different. The minimum response in our simulations is obtained at the wavelength of 560 nm. This difference should come from the roughness of our deposit. In both simulations and experimental results, the transmitted intensity can either decrease or increase depending on the selected wavelength. This sensor response follows from the difference in reflectance between polarization s and p depending on the wavelength 11 . The loading time is 50 s for 4% of Hydrogen in argon during the first loading and decreases to 30 s after the first cycle. The unloading time is longer than 150 s, and can be decreased to 80 s by using oxygen in the argon flow. Oxygen on the surface of Pd will promote the formation of OH and H 2 O molecules 12 , which increases the desorption rate significantly. 
MG ALLOYS AS SENSITIVE LAYER
In order to extend the measuring range and the sensitivity of the sensor and improve the kinetics 13 , we propose a new distributed sensor. The sensor consists of a thin-film Mg-alloy layer, deposited on the fiber core. A Pd layer is then deposited onto the Mg-alloy layer. The Mg-alloys layer plays the role as indicator material with Pd as a catalyst which also prevents the oxidation of the Mg-alloy. The principle is the same as described for the Pd sensor. Upon hydrogenation, the dielectric permittivity changes, which results in changing locally the numerical aperture of the sensing area, and therefore the transmitted intensity at the end of the fiber. The change in dielectric permittivity depends on the equilibrium plateau pressure of the used metal hydride. For Mg 70 Ti 30 the equilibrium hydrogen pressure at room Angle theta temperature is at 0.088 mbar. For a sensor containing a Mg 70 Ti 30 indicator layer the three hydrogenation states are simulated as described in the principle section: both materials are first in the metallic state, the Mg-alloys layer is then hydrogenated whereas the Pd layer is still in metallic state, and finally both Mg-alloy and Pd are hydrogenated, represented in black line, dash and dot, respectively in figure 6 and 7. The dielectric permittivity of Mg-Ti-H x derived from measurements on thick films 14 . Furthermore we assume an expansion of 30% of the Mg-Ti layer upon hydrogenation. From our simulation result we conclude that above a thickness of 60 nm, the Pd layer does not play an optical role as depicted in figure 6 . In this case, the Pd layer is only used as a catalyst. As a result, the shift of the transmitted intensity is due to the change in evanescent field absorption and in the refractive index of cladding. Below a thickness of 60 nm, a SPR curve is presented as depicted in figure 7 . Upon hydrogenation, the SPR peak moves but stays beyond the NA of the fiber, which means the SPR effect from the surface of Pd does not influence the intensity transmitted as a function of hydrogen. However, the optical change of Pd upon hydrogenation changes the transmitted intensity due to the large change of reflectance for the polarization s. By using the proposed stack layer, an extended range is expected. As a conclusion, Mg70Ti30 presents a larger change in reflectance upon hydrogen loading, compared with Pd. 
CONCLUSION
We report a wavelength dependent behavior upon hydrogen loading of a Pd containing, fiber optic SPR based hydrogen sensor. The sensitivity of such sensor can be enhanced by choosing a wavelength where the response is optimal. A high sensitivity is expected for the commonly used IR telecom wavelengths of 1350 and 1550 nm. Furthermore, the wavelength dependent behavior of the SPR-hydrogen sensor allows to monitor the response at several wavelengths which improves the hydrogen detection and avoids the generation of false hydrogen alarms. Finally, we report a new distributed fiber sensor consisting of Pd covered Mg-alloy layers on a multimode fiber core. Simulations present for such a sensor a large change in reflectance upon hydrogenation and the possibility to extend the sensitivity range. A faster response compare to Pd-SPR sensors is also expected due to lower hydrogen equilibrium pressure of Mg-alloys with respect to Pd.
